The present paper offers an overview of available methodologies and provisions for the 5 structural analysis and mechanical design of buried welded steel water pipelines subjected to 6 earthquake action. Both transient (wave shaking) and permanent ground actions (from tectonic 7 faults, soil subsidence, landslides and liquefaction-induced lateral spreading) are considered. In 8 the first part of the paper, following a brief presentation of seismic hazards, modelling of the 9 interacting pipeline-soil system is discussed, in terms of either simple analytical models or more 10 rigorous finite elements, pin-pointing their main features. In the second part of the paper, 11 pipeline resistance is outlined, with emphasis on the corresponding limit states. Possible 12 mitigation measures for reducing seismic effects are also presented, and the possibility of 13 employing gasketed joints in seismic areas is discussed. Finally, the above analysis 14 methodologies and design provisions are applied in a design example of a buried steel water 15 pipeline, located in an area with severe seismic action.
INTRODUCTION 17
The structural performance of steel water pipelines in geohazard areas is an issue of 18 increasing interest. In the particular case of seismic action, the main purpose of pipeline 19 operators is to minimize seismic risk on the pipeline, safeguarding the unhindered flow of water 20 resources, following a severe seismic event. Towards this purpose, the structural damage of the 21 steel pipe should be minimized, in order to maintain the structural integrity of the pipeline and 22 prevent loss of water containment. specific areas with severe ground motion, and is associated with high damage rates, whereas 31 damages due to seismic wave action occur over substantially larger areas, but they are 32 associated with lower damage rates.
33
The vast majority of research publications referring to the seismic analysis and design of 34 buried steel pipelines has been driven by the need of safeguarding the integrity of hydrocarbon 35
(oil and gas) pipelines. For transient ground-induced actions, the reader is referred to the paper 36
by Kouretzis et al. (2006) for a more detailed literature review, whereas the more recent papers 37
by Vazouras et al. (2010 Vazouras et al. ( , 2012 ) provide a complete summary of previous works on permanent 38
ground-induced actions on buried pipelines. Extensive experimental, analytical and numerical 39 research on the effects of permanent ground-induced actions on the structural integrity of 40 buried steel pipelines has been conducted in the course of the Safety of Buried Steel Pipelines 41
Under Ground-Induced Deformations (GIPIPE) project (Karamanos et 
47
There exist several important differences between hydrocarbon and water pipelines, so that 48 direct application of design guidelines and tools developed for oil and gas pipelines to water 49 pipelines may not be appropriate. Steel water pipelines are different from hydrocarbon steel 50 pipelines because they: 51  are considerably thinner, with much higher values of D/t ratio 52  are made of lower steel grade; X42 or X46 are usual grades for water steel pipes, whereas 53 onshore hydrocarbon pipelines use X70 steel grade or higher. 54
 have different type of joints; oil and gas pipelines use almost exclusively butt-welded full-55 penetration joints, whereas water pipelines are constructed with welded-lap or gasketed 56 joints. 57
 operate under lower pressure, which does not exceed 50% of yield pressure; this may not 58 be necessarily beneficial, given the fact that, in most case, the presence of internal 59 pressure may prevent cross-sectional distortion, increasing pipeline deformation capacity. 60  contain special components (e.g. elbows and junctions) with have a different geometry 61 and configuration than the corresponding components in oil & gas pipelines. 62
The main seismic design requirement is that pipeline seismic actions should be less than the 63 corresponding pipeline resistance. The present paper offers an overview of seismic analysis and 64 design of buried welded steel pipelines for water transmission and distribution, based on existing 65 information in the literature and in relevant codes, standards and design guidelines. Following 66 an outline of existing provisions in pipeline design standards and recommendations in North 67
America and Europe, the paper refers to seismic actions, due to both transient and permanent 68 ground deformations. In the second part of the paper, issues related to pipeline resistance are 69 presented, with direct reference to possible failure modes. Possible measures for mitigating 70 seismic effects on buried pipelines are also discussed. Finally, a design example that illustrates 71 the application of the above methodologies and design provisions is presented. 72
EXISTING STANDARDS AND RECOMMENDATIONS FOR PIPELINE SEISMIC DESIGN 73
The American Society of Civil Engineers (ASCE, 1984) Comparison of equations (5) and (6) indicates that the latter contains an additional factor of 2, 199
which is aimed at accounting for the uncertainties of the methodology of Kennedy et al. (1997) .
200
It is important to notice that axial deformation of the pipeline extends well beyond the S-shape 201 pipe segment, and that the above equations (5) and (6) 
209
A more elaborate, yet very efficient, analytical methodology for determining the strain in 210 buried pipelines at fault crossings, has been presented by Sarvanis and Karamanos (2016 where V L is the distance from the end of the S-shape configuration to the inflection point 221 (Figure 2b ).
222
Finally, one has to notice that the above analytical equations should be used in cases where 223 the pipeline alignment in the fault area is straight, without bends. Bends are significantly more 224 flexible with respect to straight pipes, and exhibit significant stress and strain concentrations.
225
The presence of bends near the fault zone may affect significantly pipeline stress and strain; in 226 such a case, the above analytical expressions for strain may not provide reliable predictions, and 227 the use of a numerical finite element model is recommended for pipeline analysis. 228
229
Landslides 230
Landslides are associated with massive ground movements caused by soil slope instability 231
( Figure 3a ). The primary driving force for a landslide is soil gravity, but a seismic event may 232 trigger this phenomenon. Numerous empirical methodologies have been reported to determine 233 the occurrence a landslide in terms of the distance from the epicentre and the magnitude of the 234 earthquake event. To quantify the effects of landslide on pipeline deformation, the expected 235 landslide movement S PGD is required, and this can be estimated by available analytical 236 expressions (Jibson, 1994) . 237
238
In the case of permanent ground-induced action in the longitudinal direction due to 239 landslide, the pipeline should be designed for an axial force F , which is the minimum of 
Permanent ground deformation -finite element modelling 269
Finite element modelling is a more rigorous tool for simulating the effects of ground-induced 270 actions on a buried pipeline. The finite element analysis of buried pipelines requires some 271 computational effort and expertise, but offers an advanced tool for determining stresses and 272 strains within the pipeline wall with significant accuracy with respect to the analytical formulae 273 described above. There exist two levels of finite element modeling, briefly described below. Level 274 1 is adequate for regular design purposes, whereas level 2 is used only in special cases, where 275 increased accuracy is necessary. 276
Level 1: beam-type finite element analysis 277
In this type of finite element analysis, the pipe is modelled with beam-type one-dimensional 278 finite elements. These models have been used mainly for simulating permanent ground-induced 279 actions on pipelines, but it can be used for modelling wave effects as well. The finite element 280 mesh near discontinuities (e.g. fault plane) should be fine enough, so that gradients of stress 281 and strains are accurately described (Figure 4a ). Three-dimensional finite element models constitute a rigorous numerical tool to simulate 316 buried pipeline behavior under PGD. Such a model can describe in a rigorous manner the 317 nonlinear geometry of the deforming soil-pipe system (including distortions of the pipeline cross-318 section), the inelastic material behavior for both the pipe and the soil, as well as the interaction 319 between the pipe and the soil. However, it requires computational expertise. 320
Discretization: an elongated prismatic model is considered, where the steel pipeline is 321 embedded in the soil, as shown in Figure 4b for the case of a strike-slip fault. Shell elements are 322 employed for modeling the steel pipeline segment, whereas three-dimensional "brick" elements 323 are used to simulate the surrounding soil. The discontinuity plane (e.g. fault plane, edge of 324 landslide or lateral spreading) divides the soil block in two parts. The analysis is conducted in 325 three steps; gravity loading is applied first, followed by the application of operation loads and, 326
finally, the ground-induced movement is imposed holding one soil block fixed, an imposing a 327 displacement pattern in the external nodes of the second block. A fine mesh should be employed 328 at the part of the pipeline where maximum stresses and strains are expected. Similarly, the 329 finite element mesh for the soil should be more refined in the region near fault and coarser in 330 the region away from the fault. The relative movement of the two blocks is considered to occur 331 within a narrow zone of width w to avoid numerical problems.
332
Material models: the constitutive models should account for the elastic- Analysis procedure and output: it is suggested that the analysis should follow a displacement-342 controlled scheme, which increases gradually the ground displacement. At each increment of the 343 nonlinear analysis, stresses and strains at the pipeline wall should be recorded. Furthermore, 344 using a fine mesh at the critical pipeline portions, local buckling (wrinkling) formation and post-345 buckling deformation at the compression side of the pipeline wall can be simulated in an explicit 346 manner. 347
SEISMIC RESISTANCE OF STEEL PIPELINES 348
Pipeline performance criterion and limit states 349
In pipeline seismic design, the main target is pipeline integrity against loss of containment.
350
One should notice that a severe seismic event may cause significant deformation of the pipeline, 351 In the course of a pipeline earthquake design procedure, the failure modes are quantified in 361 terms of strain and deformation capacity, as described in the following. 362
Maximum tensile strain capacity 363
Exceedance of tensile strain capacity may cause fracture of pipeline wall. In the absence of 364 serious defects or damage in the pipeline, the tensile capacity is governed mainly by the 365 strength of the pipeline field welds, which are usually the weakest locations due to weld defects 366 and stress/strain concentrations. Tensile strain limits of butt welds are experimentally 367 determined through appropriate tension tests on strip specimens and on wide plates (Wang et 368 al., 2010). In several standards and guidelines, the suggested value of the ultimate tensile strain 369 Tu  for butt-welded water pipelines varies between 2% and 5%. The value of 3% for tensile 370 strain limit is adopted by the EN 1998-4 provisions for seismic-fault-induced action on buried 371 steel pipelines, however, it is not clear whether it is applicable to welded lap joints. ALA (2005) 372 limits for tensile strain are very similar, suggesting a limit strain equal to 2% for double-welded 373 lap joints. PRCI (2004) suggest, for the case of oil and gas pipelines, a limit value within 2%-4% 374 for pressure integrity and a limit within 1%-2% for normal operability. Finally, Annex C of 375 CSA Z662 pipeline design standard provides an equation for calculating tensile strain limit Tu  376 of pipeline girth welds, considering surface defects. One should note that the above limit values 377 for the maximum tensile strain Tu  refer to the "macroscopic" strain calculated from a stress 378 analysis methodology, as described in the previous sections of this paper; this value of strain is 379 quite different than the strain in the vicinity of the weld toe. 380
Local buckling 381
Compressive ground-induced strains may also occur due to axial compression and pipe 382 bending deformation. When compressive strains exceed a certain limit, pipeline wall becomes 383 structurally unstable, and fail in the form of local buckling or wrinkling, as shown in Figure 5a "wrinkles" or "buckles", the pipeline may still fulfill its basic function (i.e. water transmission), 386
provided that the steel material is adequately ductile (Gresnigt, 1986 and therefore, this mode should be considered in the course of an earthquake design procedure. 424
Distortion of pipeline cross-section 425
To maintain the pipeline operational, it is necessary to avoid significant distortions of the 426 pipeline cross-section. This is more likely to occur in low-pressure thin-walled pipelines, whereas 427 internally pressurized pipelines exhibit less cross-sectional distortion due to the stabilizing effect 428 of internal pressure. This is a serviceability limit state, not related directly to failure and loss of 429 containment, and a simple measure of cross-sectional distortion is the non-dimensional 430 "flattening parameter" f defined in terms of the ratio of the maximum change of pipe diameter 431 
A NOTE ON THE USE OF GASKETED JOINTS IN SEISMIC AREAS 475
The use of gasketed joints in steel pipelines constructed in seismic zones has raised quite 476 some debate. Because of their ability to allow for a small amount of relative displacement and 477 rotation between the two adjacent pipe segments, there exists an argument that supports the 478 use of gasketed joints in seismic areas. More specifically, it has been argued that the relative 479 motion of adjacent parts in gasketed joints may be able to accommodate ground-induced 480 pipeline actions in an efficient manner. It is the authors' opinion though that, in the case of 481 severe permanent ground deformations, the capability of a "segmental" pipeline with gasketed 482 joints to sustain significant tensile loading is questionable, mainly because the corresponding 483 displacement at the joints may localize at one joint, resulting in excessive local relative 484 displacement and loss of pipeline continuity. (17), the extra value of 0.25 in is considered as a factor of safety, and a factor equal to 502 7 is introduced, accounting for the uncertainly associated with the distribution of axial 503 displacement in a segmental pipeline under tensile loading; the corresponding expansion may 504 not be equally distributed in all gasketed joints, the deformation at one joint may localize, so 505 that the two pipeline parts are separated, leading to loss of containment. The above design 506 procedure is described in the Design Example in a later section. Finally, a fragility analysis of 507 such joints under seismic wave loading can be found in the paper by O'Rourke et al. (2015) . 508
MITIGATION MEASURES AGAINST SEISMIC ACTIONS 509
Several measures can be employed to mitigate seismic damage to pipelines. The most obvious 510 action to minimize earthquake effects is the modification of pipeline alignment to avoid seismic 511 and geo-hazard areas (pipeline re-routing). However, in the majority of cases, this may not be 512 possible; therefore, specific mitigation measures should be adopted to minimize ground-induced 513 strains in the buried pipeline. More specifically: 514  The increase of pipeline wall thickness increases pipeline strength against seismic action.
515
Both buckling and tensile resistance of the pipeline wall increase with increasing thickness. 516  The use of higher grade line pipe material increases pipeline strength. However, one may be 517 cautious for the reduced ductility of high-strength steel, usually expressed through the yield-518 to-tensile strength ratio (Y/T); permanent ground actions are applied through a 519 displacement-controlled scheme and -in such a case -material ductility and deformation 520 capacity may be more important than strength. 521  In areas where significant permanent ground deformations are expected, the designer may 522
consider to isolate the pipeline from the ground movements, using either an above-ground 523 pipeline section, appropriately supported in the ground, or a tunnel around the pipeline, so 524 that the pipeline does interact with the surrounding soil. 525  In landslide areas, it may be possible to improve ground conditions, using a slope drainage 526 system, so that the risk of slop instability is reduced. 527  In fault crossings, stiff soil conditions introduce higher stresses and strains in the pipeline. 528
Therefore, the use of soft backfill soil would result in reduced stresses and strains within the 529 pipeline. However, a soft cover may reduce its resistance in global buckling, and therefore, 530 such a solution may be used cautiously. 531  In strike-slip faults, the crossing angle should be such that the pipeline is in tension and not 532 in compression. Based on recent finite element results (Vazouras et al. 2015) , a crossing angle 533 equal to 10-20 degrees appears to be an optimum angle for strike-slip faults. 534  In fault crossing, the use of flexible components (e.g. elbows), may not be recommended 535 within the fault zone. Nevertheless, in fault crossings, associated with significant pipeline 536 tension, using elbows at an appropriate distance from the discontinuity area, may result in a 537 reduction of axial stretching and the corresponding strains; the distance depends on elbow 538 geometry, soil properties and the direction of the fault. 539  Where possible, reverse vertical faults (thrust faults) should be avoided because they result 540 in high compressive stresses, which may cause buckling of thin-walled steel pipes. 541  Specialized expansion joints and/or deflectable joints can be used as mitigation devices to 542 reduce axial stretching of the pipeline in permanent ground motion areas. 543
DESIGN EXAMPLE 544
A buried steel pipeline is considered for a seismic zone. Seismic activity consists of transient 545 seismic wave action, characterized by peak ground acceleration and velocity equal to 0.30g and 546 76.2 cm/sec respectively, as well as by a seismic fault crossing the pipeline with left lateral 547 strike-slip offset of 203 mm, together with normal offset along the fault surface of 899 mm as 548
shown in Figure 6 . The pipeline has diameter and thickness equal to 1,524 mm (60 in. 
Pipeline joint configuration 556
It is proposed that the steel pipeline will be welded (continuous), with welded lap joints, in 557 the fault crossing area, and segmental, with gasketed joints, away from this area. The 558 configuration of the gasketed joint is shown in Figure 7 , whereas the welded-lap joints are 559 considered double-welded (inside and outside weld) for maximizing their strength. 560
Therefore, a welded (continuous) pipeline should be considered in the analysis of permanent 561 ground-induced fault action, whereas the analysis of seismic wave action should refer to a 562 segmental pipeline. The former analysis should also determine the length of welded pipeline 563 segment. These two analyses are briefly described below. 564
Seismic wave action 565
Seismic wave action on the pipeline is calculated from equation (17) This displacement of 27.7 mm can be sustained by the gasketed joint under consideration shown 572 in Figure 7 . 573
Fault crossing analysis 574
Based on Figure 6 , the three components of pipeline action with respect to the pipeline 575 (axial, horizontal transverse, vertical transverse In addition to the above analytical calculations, this fault crossing has been analyzed using 590 finite element models (level 1), which employ special purpose elements for the pipe ("elbow" 591 elements) and nonlinear springs for the soil. Spring constants have been determined according 592
to ALA Guidelines (2005) and are shown in Table 2 . The distribution of axial strains is shown 593
in Figure 8 , and the maximum strain is equal to 3.09%, shown in Table 1 , which is quite close 594 to the value computed above using the analytical expressions (7) and (8), yet somewhat lower, 595 which is beneficial for the pipeline. According to EN 1998-4 provisions, this value is very 596 close to the specified limit (3%) and can be acceptable. However, according to ALA 597 guidelines (2005) it may not be sustained by a welded-lap joint because it exceeds 2%. In 598 such a case where mitigation measures are necessary, such as pipeline realignment or the 599 use of a softer backfill, in an attempt to reduce ground-induced tensile strain. Furthermore, 600 strengthening of the welded lap joints may increase pipeline resilience. In any case, it is 601 authors' opinion that the development of reliable tensile strain limits for welded lap joints is 602 necessary, and should be a research priority.
603
The numerical results also show that the high strains are developed in a small length of 604 10 m about the fault, whereas outside this zone, the strain level does not exceed the value 605 of 0.2%. More specifically, pipeline stretching decays rapidly outside the fault zone and 606 becomes negligible at a distance of approximately 250 m from the fault plane on either side of 607 the fault. It is the authors' opinion that within this length, the pipeline should be welded (total 608 length of welded pipeline equal to 500 meters), given also the uncertainty on the exact location 609 of the fault. Outside this length, segmental (gasketed) joints can be employed. 610
SUMMARY AND CONCLUSIONS 611
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